Objective. Translation of evidence-based guidelines into clinical practice has been inconsistent. We performed a randomized, controlled trial of guideline-based care suggestions delivered to physicians when writing orders on computer workstations. Study Setting. Inner-city academic general internal medicine practice. Study Design. Randomized, controlled trial of 246 physicians (25 percent faculty general internists, 75 percent internal medicine residents) and 20 outpatient pharmacists. We enrolled 706 of their primary care patients with asthma or chronic obstructive pulmonary disease. Care suggestions concerning drugs and monitoring were delivered to a random half of the physicians and pharmacists when writing orders or filling prescriptions using computer workstations. A 2 Â 2 factorial randomization of practice sessions and pharmacists resulted in four groups of patients: physician intervention, pharmacist intervention, both interventions, and controls. Data Extraction/Collection Methods. Adherence to the guidelines and clinical activity was assessed using patients' electronic medical records. Health-related quality of life, medication adherence, and satisfaction with care were assessed using telephone questionnaires. Principal Findings. During their year in the study, patients made an average of five scheduled primary care visits. There were no differences between groups in adherence to the care suggestions, generic or condition-specific quality of life, satisfaction with physicians or pharmacists, medication compliance, emergency department visits, or hospitalizations. Physicians receiving the intervention had significantly higher total health care costs. Physician attitudes toward guidelines were mixed. Conclusions. Care suggestions shown to physicians and pharmacists on computer workstations had no effect on the delivery or outcomes of care for patients with reactive airways disease.
METHODS

Setting and Subjects
This study was approved by the University Institutional Review Board (study #9211-26) and took place in Indiana University Medical Group-Primary Care (IUMG-PC), an inner-city primary care practice-based research network (Tierney et al. 1991) . This study utilized four hospital-based academic practices where 25 faculty general internists and more than 100 internal medicine residents cared for approximately 13,000 patients during 50,000 annual visits. These practices have separate nursing and clerical staff but share paper and electronic medical records (McDonald et al. 1999) . At the beginning of each academic year, new physicians were randomly assigned to practices of departing physicians (Tierney et al. 1991) . Physicians were assigned to half-day sessions in a single practice: faculty attended 2-5 half-day sessions per week while residents attended one half-day session per week. Prior studies have shown no systematic differences in practice patterns or clinical outcomes between the four practices (McDonald et al. 1984; Tierney, Miller, and McDonald 1990) . Each physician cared for an assigned panel of patients. Faculty and residents practiced side by side. Residents briefly presented each patient to a faculty physician yet made all diagnostic and therapeutic decisions for their patients.
This study also included outpatient pharmacists. We separately randomized the 11 full-time and 9 part-time pharmacists to intervention or control status.
Patients were eligible if they were at least 18 years old, had either previously visited the study practices in the past year, and had either (1) the diagnosis of asthma or COPD recorded during any inpatient, emergency, or outpatient visit; (2) emphysema recorded as a reading on any prior chest radiograph or CT scan; or (3) two or more prescriptions for inhaled b-agonists, corticosteroids, ipratropium, or cromolyn, or oral b-agonists or theophylline. Prior studies (Murray et al. 1995 ) and repeated internal audits have shown that 95 percent of patients visiting these study practices receive all of their medications from the hospital's outpatient pharmacy.
Study Design and Randomization
This study used a 2 Â 2 factorial design to study the relative and additive effects of separate physician and pharmacist interventions. We randomized all half-day sessions to intervention or control status via a coin flip. Because faculty physicians practiced in more than one half-day session per week, this procedure resulted in a few physicians having sessions with both intervention and control sessions. A biostatistician blinded to their names switched sessions so that the number of intervention and control sessions per practice were equal and all physicians practiced only in sessions with the same study status. To minimize contamination, all physicians in each half-day session shared the same study status. Patients shared their assigned primary care physicians' study status.
As patients were enrolled, they were randomly assigned by computer to receive all of their outpatient drugs from intervention or control pharmacists. Randomizing both practice sessions and patients resulted in four groups of patients: physician intervention only, pharmacist intervention only, both pharmacist and physician interventions, and no intervention (controls).
Evidence-Based Care Suggestions
The investigators used published evidence-based guidelines for managing asthma (National Asthma Education Program Expert Panel Report. Executive Summary: Guidelines for the Diagnosis and Management of Asthma 1994) and COPD (Canadian Thoracic Society Workshop Group 1992) to generate patient-specific care suggestions. We determined eligibility for care suggestions using data in patients' electronic medical records: current medications, prior vaccinations, spirometric data, and evidence of recent exacerbations of their reactive airways disease (i.e., hospitalizations or emergency room visits). Peak expiratory flow was not routinely measured in study practices.
The care suggestions were reviewed by a panel of local general internists, pulmonary specialists, and pharmacists. Each care suggestion displayed to the physician or pharmacist explained the rule with a link to the annotated guideline with references. Panel members could independently accept each rule as is, with minor modifications, or major modifications, or reject it. Rules with major modifications or rejected were adjudicated during an expert panel meeting.
The final rules were programmed into physicians' computer workstations that have been in continuous use in this practice since 1984 (McDonald et al. 1999) . Care suggestions focused on: (1) performing pulmonary function tests, (2) giving influenza and pneumococcal vaccinations, (3) prescribing inhaled steroid preparations in patients with frequent symptoms of dyspnea, (4) prescribing inhaled anticholinergic agents in patients with COPD, (5) escalating doses of inhaled b-adrenergic agonists for all patients with persistent symptoms, (6) prescribing theophylline for patients with COPD and continued symptoms despite aggressive use of inhaled anticholinergic agents, b-agonists, and steroids, and (7) encouraging smoking cessation. (Leucotriene inhibitors did not become widely available until after this study ended.)
The goal of this study was to assess the effects of patient-specific care suggestions, not their effects as an educational tool. Therefore, we presented the asthma and COPD guidelines to Medicine and Pharmacy Grand Rounds. We also met with all physicians and pharmacists and gave each a printed summary of the final asthma and COPD management guidelines that were the standard of care in this practice. The printout also listed the Consensus Panel members and summarized the process for developing the rules.
Physician Intervention Protocol
When patients presented for usual care, the physician received the patient's paper chart along with a computer-generated paper encounter form that included a list of active medications. Any study care suggestions for which a patient was eligible that day were printed at the bottom of the medication list. After the patient visit, the physician wrote orders on a workstation. No handwritten orders were allowed. Because patients' electronic medical records lacked symptom data and emergency and inpatient visits to outside hospitals, both intervention and control physicians were required to enter the severity of the subject's dyspnea (none, mild, moderate, severe) and number of exacerbations in the previous month. We required no further actions from control physicians, and no care suggestions were given although care suggestions were generated for all patients. Care suggestions were only presented to intervention physicians, both on their paper medication lists and on their computer workstations. The workstation displayed ''suggested orders'' on the main workstation screen (see online-only appendix at http://www.blackwellpublishing. com/products/journals/suppmat/HESR/HESR 00369/HESR00369sm.htm). The physician was required to view all care suggestions (see online-only appendix at http://www.blackwellpublishing.com/products/journals/suppmat/ HESR/HESR 00369/HESR00369sm.htm), which contained three separate windows. The window at the bottom middle of the screen contained the actual suggested orders. The upper left window listed possible actions for each order (''order'' or ''omit''). The upper center window contained a short note explaining each care suggestion. Physicians could display the guideline and supporting references by hitting the ''help'' key.
Patients could also present without appointments. If the patient's assigned physician was present, that physician usually cared for the patient and the intervention protocol was followed. In all other cases, the care suggestions were only displayed if both the patient and physician were assigned to intervention status. Throughout the study, all physicians received other messages, reminders, and suggested orders, mostly drug interaction warnings and preventive care suggestions not related to this study's target conditions (McDonald et al. 1984) .
Pharmacist Intervention Protocol
All prescriptions were sent electronically to the outpatient pharmacy computer system that printed labels for pill bottles. For all enrolled subjects, any study care suggestions were sent electronically to the outpatient pharmacy's Pharmacist Intervention Recording System (Overhage and Lukes 1999) in which outpatient pharmacists recorded all prescription problems and interactions with patients. For patients randomized to the pharmacist intervention, instead of printing the pill bottle labels the system printed a message indicating that there were care suggestions that should only be viewed by an intervention pharmacist who could respond to them, if desired, and then fill the prescriptions. These suggestions were identical to those presented to the primary care physician. Care suggestions were only displayed when both the pharmacist and the patient were in the pharmacist intervention group. Notably, patients were eligible for the pharmacist intervention whenever they presented to the outpatient pharmacy, not just after primary care visits and not just with prescriptions for asthma or COPD.
When viewing care suggestions, the pharmacist had three options: do nothing, discuss them with the patient, or discuss them with the physician. However, during the first 2-3 months of this study, physician discussions rarely occurred. Pharmacists found paging or calling physicians difficult and time consuming. We therefore added an electronic mail option that allowed intervention pharmacists to send care suggestion to the patient's physician, adding text as desired. The physician received a notice of the electronic mail message after logging onto any workstation but was not required to read or respond to it.
Subject Enrollment and Data Collection
We used data from patients' electronic medical records (McDonald et al. 1999) to generate weekly lists of eligible patients with primary care appointments. A research assistant approached potential subjects in the practice's waiting room, escorted the patient to a private area, explained the study, and invited the patient to participate. Agreeable patients signed an informed consent statement and were scheduled for 45-minute telephone interviews to collect demographic information, income, educational level, and smoking history. At enrollment and during close-out 12 months later, we also administered the SF-36, a measure of health-related quality of life (McHorney and Ware 1995) . To assess disease-specific quality of life, we administered he McMaster Chronic Respiratory Disease Questionnaire (CRQ) (Guyatt et al. 1987 ) for patients with COPD or the McMaster Asthma Quality-of-Life Questionnaire (AQLQ ) ( Juniper et al. 1993) . We also administered the American Board of Internal Medicine's patient satisfaction questionnaire (Webster 1988 ), a measure of physicians' communication abilities that had been previously validated in this practice (Dexter et al. 1996) . We assessed pharmacy satisfaction with a locally developed questionnaire (Weinberger et al. 2001) . Medication adherence was assessed using surveys developed by Inui, Carter, and Pecoraro (1981) and Morisky, Green, and Levine (1986) . We also assessed medication compliance with the medication possession ratio (Steiner et al. 1988) , which uses refill data from patients' pharmacy records and correlates well with other adherence measures (Choo et al. 1999) .
A research assistant telephoned the patient at the beginning of his or her twelfth study month to administer the close-out interview. If no telephone interview could be held during the twelfth month, a research assistant attempted to interview the patient during visits made during the thirteenth and fourteenth months after enrollment. We extracted information from patients' electronic medical records, including evidence of compliance with the study care suggestions, hospitalizations, emergency department visits, and direct health care charges. To assess the degree to which physicians' attitudes toward guidelines may have affected their response to the intervention, we also administered a questionnaire to study physicians (after their Grand Rounds on guidelines but before the study started) that included a questionnaire created by Tunis et al. (1994) . This questionnaire was originally developed with data from 1,513 generalist and specialist internists. It assessed personal attitudes toward guidelines; no correlations were made with practice behavior.
Statistical Analyses
The unit of analysis for all outcomes was the patient. Because we intervened on the physician and pharmacist, differences between study groups were assessed using random effects generalized linear models (for continuous variables) and generalized estimating equations (for categorical variables) to account for correlations of outcomes among patients treated by specific physicians. We did not adjust for the intervention pharmacist because there was no one-to-one assignment of pharmacists to patients. The primary outcome was adherence to the guideline-based care suggestions. If a patient were eligible for same care suggestion on multiple visits, it was considered as one care suggestion. Adherence occurred when the indicated action was taken any time after it was first suggested and before patient close-out. We used analysis of variance to compare adherence to the care suggestions between the four study groups and Student's t-tests to assess the separate effects of the physician and pharmacist interventions. We used Poisson's regression with an overdispersion parameter to compare the numbers of outpatient and emergency visits and hospitalizations between study groups. After creating overall and subscale scores for the SF-36, AQLQ, CRQ, and the physician and pharmacist satisfaction surveys, we used analysis of covariance to compare these scores between study groups, including baseline scores and indicators for ceiling and floor effects as covariates. We analyzed charges and medication possession ratios using Waldtype tests for log-normal data containing zeroes (Zhou and Tu 1999) . We used logistic regression to compare results of the Inui measure of medication adherence and analysis of covariance for the Morisky instrument, including baseline scores and indicators for ceiling and floor effects as covariates.
Because our main focus was to improve patient-centered outcomes, data from a prior study (Dexter et al. 1996 ) indicated that we needed 500 patients for 80 percent power to detect one unit change in the standard error of measurement for each subscale score of the SF-36 (Wyrwich, Tierney, and Wolinsky 1999) . Anticipating 25 percent attrition of subjects during the study, we sought to enroll 700 patients.
RESULTS
Between January 1, 1994 and May 1, 1996, 1,730 potentially eligible subjects kept scheduled primary care visits (Figure 1 ). Of these, 1,181 (63 percent) were contacted and agreed to be interviewed, 865 (73 percent) of whom agreed to participate and signed informed consent statements, and 706 (82 percent) completed baseline interviews, were enrolled, and were randomized. Of the 274 physicians practicing in the study practices during this 3-year study, 133 practiced in half-day sessions randomized to intervention status and 141 practiced in control sessions. A quarter of physicians were faculty general internists, the rest internal medicine, or medicine-pediatrics residents.
There were no significant demographic or clinical differences between the four patient groups (Table 1) . Two-thirds were women, 60 percent were caucasian, and two-thirds had COPD rather than asthma. The mean age was 51 years. Approximately two-thirds of each group completed a 12-month interview. More than 80 percent of patients in each study group had at least one scheduled visit to their primary care physician during their year in the Computer Care Suggestions for Asthma and COPDstudy (mean of almost five visits). The mean number of study care suggestions per patient was just under three. Table 2 shows the number of subjects eligible for each care suggestion and the fraction ordered during the study. There were no differences between the four study groups in either adherence to the care suggestions, combined or individually. Post hoc power analyses showed that it would take 145 subjects per group to have 80 percent power to detect a 50 percent increase in adherence to the care suggestions (from 32 percent to 48 percent, a 16 percent absolute increase) found in the control group.
There was also no consistent effect on quality of life (Table 3 ). The only significant difference in any SF-36 subscale was a significantly improved Role Physical subscale in the group receiving both interventions. There were no differences in the CRQ subscales. For the AQLQ, patients with asthma receiving the pharmacist intervention had significantly improved scores in the emotion subscale.
There were no intergroup differences in medication adherence or in patients' satisfaction with their physicians or pharmacists (Table 3) . Nor were there any differences in emergency department visits or hospitalizations for any cause or for reactive airways disease in particular (Table 3) . Patients in the group receiving only the physician intervention had significantly elevated total health care charges, possibly because of just a small number of extremely high-cost hospitalizations (Table 3) .
Physicians' opinions of practice guidelines were mixed (Table 4) . They generally felt that guidelines were a good educational tool, a convenient source of information, and intended to improve the quality of care. Yet many physicians felt that guidelines represented oversimplified ''cookbook'' medicine, were often too rigid to apply to individual patients, hampered physician autonomy, and were used to decrease health care costs. n Care suggestions were generated by the computer program but were not displayed to physicians or pharmacists caring for patients in the control group. 53 (35%) 45 (29%) 35 (23%) 14 (9%) 3.1 AE
1.1
Intended to improve quality of care 0 (0%)
6 (4%) 14 (9%) 80 (52%) 61 (33%) 4.2 AE 0.8
Intended to decrease health care costs 1 (1%)
14 (9%) 32 (21%) 69 (45%) 36 (24%) 3.8 AE
0.9
Likely to decrease practitioner autonomy 5 (3%)
30 (20%) 29 ( 19%) 68 (44%) 20 (13%) 3.5 AE
1.1
Additional analyses were performed to ensure that the lack of significance was not because of the analytic methods chosen. Analyses of quality of life and satisfaction data were repeated after categorizing the changes from baseline into ''better,'' ''no change,'' and ''worse'' using the standard error of measurement (Wyrwich, Tierney, and Wolinsky 1999) . Direct health care charges, number of hospitalizations, and number of emergency department visits were also analyzed using Kruskal-Wallis nonparametric tests. These results of these analyses were similar to the primary analyses and are not presented.
DISCUSSION
We had hoped to show that computer-generated care suggestions would enhance adherence to evidence-based guidelines and have salutatory effects on patient-centered and clinical outcomes. Unfortunately, none of this occurred, which surprised us, given our previous success with interventions to increase preventive care (McDonald et al. 1984; Tierney, Hui, and McDonald 1986; McDonald et al. 1999 ) and reduce costs (Tierney, Miller, and McDonald 1990; Tierney et al. 1993 ). Yet the workstations have been an effective medium for delivering interventions to affect physician ordering behavior (Tierney et al. 1987 (Tierney et al. , 1988 Tierney, Miller, and McDonald 1990) . It is possible that providers will accept a computer's advice about preventive care and costs but may be less open to a computer's suggestions about managing chronic illnesses. A prior study of a similar computer-based intervention to improve physician adherence to local and national guidelines for heart disease was also ineffective (Tierney et al. 2003) . Another study used computer-generated reminders as part of a comprehensive management program for patients with chronic renal insufficiency. Despite mandatory consultation by nephrologists and a renal nurse, social worker, and dietician, there were no improvements in the processes or outcomes of care (Harris et al. 1998) . In fact, chronic disease management programs have had mixed effects in affecting the processes and outcomes of care (Ferguson and Weinberger 1998) . To date, the promise of computer-based decision support has not been realized. We have recently shown that including patient symptoms, their severity, and changes from the most recent primary care visit in patient-specific, computer-generated care suggestions had no effect on the processes or outcomes of care for veterans with heart failure (Subramanian et al. 2004 ). Additional work is needed to improve the timing and content of such interventions. A recent review of computer-based decision-support systems found them to be effective in affecting preventive care but had less effect in chronic disease management and little evidence of improvement in patient outcomes (Mitchell and Sulllivan 2001) . The content, timing, and presentation of such decision-support tools need to be improved. Expertise in human factor engineering (Norman 2002; Bates et al. 2003 ) may be particularly useful in designing interventions that physicians can and will use to improve the translation of evidence-based guidelines into everyday clinical practice.
Although physicians and pharmacists had to view each suggestion, they could easily erase them from the screen by hitting the ''escape'' key. In a busy practice, the care suggestions could have been seen as a nuisance. Automatically deleting them may have become routine. We have strong evidence from two prior studies that this may have been the case. We found no effects of preventive care suggestions presented to residents on Wishard Hospital's inpatient medicine service (Overhage, Tierney, and McDonald 1996) . The same intervention was repeated on the same service several years later by Dexter et al. (2001) , the only major difference being that the ''escape'' key was disabled. Each care suggestion had to be dealt with in some way, either by complying with it or explaining why it was inappropriate. The effects were dramatic: adherence increased by a factor of 45 over the rate found by Overhage. The key, then, is to find a balance between the hassle factor of an intervention that cannot be avoided and the patient benefits of adhering to evidence-based practice guidelines. It would seem to require clinician leadership to find the correct balance, or providers themselves could decide which care suggestions should require their input and response.
The majority of patients in this study were middle-aged women with COPD, as defined using standard criteria. Yet the line between asthma and COPD among aging adults is blurred, and many patients with COPD have a reactive component to their lung disease that is amenable to pharmacotherapy. The strongest evidence for use of stepped care is among patients with asthma, which were in the minority in this study. This may have tempered providers' enthusiasm for following the care suggestions.
Although pharmacists could not directly respond to care suggestions, they could have discussed them with the patients and/or physicians. In a worksampling study performed during our intervention (Murray et al. 1999 ), Murray et al. found that intervention pharmacists spent significantly more time than control pharmacists discussing information with patients, advising and informing them, and solving problems. Intervention pharmacists spent significantly less time checking and filling prescriptions and working alone, and they spent significantly more time than control pharmacists interacting with other pharmacy personnel, patients, and physicians and nurses. Hence, there were dramatic effects of the intervention on pharmacist-patient interactions that did not impact on patient care, outcomes, or satisfaction.
Communication between physicians and pharmacists in this study was practically nonexistent. This is unfortunate, because as time for clinical encounters continues to shrink, these two groups of providers could have complementary roles in enhancing pharmacotherapy and monitoring for adverse outcomes (Singhal, Raisch, and Gupchup 1999) . Further work is needed to increase the collaboration of physicians and pharmacists and to define the role of computer-based interventions for improving the quality and outcomes of patient care.
This study was performed in academic practices where three-quarters of the physicians are residents. Results might not be generalizable to the everyday practice. However, we have previously used this practice-based research network to develop and test computer-based interventions (McDonald et al. 1984 (McDonald et al. , 1999 Tierney, Hui, and McDonald 1986; Tierney et al. 1988 Tierney et al. , 1993 Tierney et al. , 2003 Tierney, Miller, and McDonald 1990; Overhage, Tierney, and McDonald 1996 ) that others have then tested more broadly (McPhee et al. 1991; Shea, DuMouchel, and Bahamonde 1996) .
Although the Institute of Medicine believes electronic medical records are essential to improving the quality of care (Institute of Medicine, Committee on Improving the Medical Record 1991; Institute of Medicine 2001), expensive and sometimes intrusive innovations need to be thoroughly tested in rigorous trials before broad implementation. Electronic medical record systems should be useful in enhancing evidence-based practice. However, in this study, providing patient-specific care suggestions for asthma and COPD management did not improve decision making or patient outcomes and cannot be recommended at this time. Additional research, especially with respect to chronic disease management, is required if computer information systems are to help bridge the quality chasm (Institute of Medicine 2001).
